Introduction
As has been recently reviewed [1] , increased circulating ferritin and free iron have been found in a variety of disease states associated with thrombophilia. When blood or plasma is exposed to iron addition, characteristic changes in thrombus formation are observed, which include fusion of fibrin polymers, matting, and even sheeting of fibrin [1] [2] [3] [4] [5] [6] . This scanning electron micrographic (SEM) signature has also been documented in thrombi obtained from patients with diseases involving chronic iron overload [1, 2, 7, 8] . It has been posited that iron-derived hydroxyl radicals interact with fibrinogen, resulting in hypercoagulation and hypofibrinolysis [1, 3, 9, 10] . Of interest, exposing plasma to iron chelators such as deferoxamine or antioxidants significantly attenuated ultrastructural change in clots exposed to exogenous iron [11] . Further, plasma obtained from patients with hemochromatosis or chronic hyperferritinemia demonstrated a SEM signature similar to that of iron exposure that was attenuated by deferoxamine [12] . In sum, although not directly demonstrated, it appeared that iron-fibrinogen interactions resulted in characteristic clot ultrastructure similar to that of diseases with chronic iron overload and thrombophilia.
On the contrary, the concept that iron-modified fibrinogen via hydroxyl radical exposure is not supported by the observation that the procoagulant properties of fibrinogen are compromised by essentially all radical species tested by other investigators [13, 14] . Indeed, given the concentration of antioxidants present in plasma (>1600 mmol/l) [15] , it is unlikely that the addition of 6-30 mmol/l ferric chloride could generate hydroxyl radicals that exclusively affect fibrinogen. Instead, it appeared that iron directly bound to fibrinogen in a recent study [16] . Thus, it seems more plausible that iron-fibrinogen binding and potential fibrinogen conformational change may enhance coagulation. Iron-mediated phenomenon may be similar to that observed with enhancement of fibrinogen after carbon monoxide exposure [17] . Thus, modulation of the effects of iron on coagulation with chelation would speak strongly for an important role of iron-binding rather than only radical damage.
Although the precise molecular mechanism by which iron affects fibrinogen remained to be elucidated, we recently published an investigation of the effects of a small concentration (10 mmol/l) of ferric chloride on coagulation and fibrinolysis [18] . We found that the thrombelastographic, kinetic sine quo non of iron was a decrease in the onset time of coagulation and an increase in the velocity of thrombus growth [18] . The SEM signature of thrombi exposed to this small concentration of iron [18] demonstrated the typical changes previously mentioned [1] [2] [3] [4] [5] [6] . Thus, the purpose of this study was to evaluate the effects of deferoxamine-mediated chelation on ironexposed plasma with thrombelastographic and SEMbased analyses. First, a concentration-response relationship of iron concentration and reaction time (R, defined as 2 mm clot strength; this is also known as clotting time in thromboelastometric analyses) was determined. The rationale for using R time was that it is the first indication of the onset of coagulation, is used in both thrombelastographic and thromboelastometric systems, and is anticipated to quickly and easily detect iron-mediated enhancement of coagulation based on our previous work under review. This concentration-response relationship was generated with a ROTEM delta hemostasis system (Tem Innovations GmbH, Munich, Germany) generously provided by the manufacturer. All disposable cups/pins and reagents were also provided by Tem Innovations. Plasma was rapidly thawed at 378C on the day of experimentation. Separate aliquots of plasma were exposed to 1% v/v additions of ferric chloride dissolved in PBS that resulted in final concentrations of 0-10 mmol/l (n ¼ 5-6 replicates per concentration). After 3 min or more of incubation at room temperature, 320 ml of these ironexposed plasmas was subsequently placed in a disposable cup, with subsequent addition of 20 ml of 200 mmol/l CaCl 2 . The complete sample was mixed by pipette once, and the reaction commenced at 378C. The R values were subsequently recorded.
The second series of experiments examined the role of time on chelation of iron from plasma and consequent changes in R. First, plasma that was rapidly thawed at 378C on the day of experimentation was exposed to either a 1% v/v addition of PBS or FeCl 3 (10 mmol/l final concentration) for 3 min. Then, 336 ml of either plasma mixture was placed in a disposable cup in a computer-controlled thrombelastograph hemostasis system (Model 5000; Haemoscope Corp., Niles, Illinois, USA). An addition of 3.6 ml deferoxamine in dH 2 O (0 or 1 mmol/l final concentration) was added to the plasma mixture, mixed with the disposable pin, and allowed to incubate for 3 min at 378C. Thus, there were four conditions: no deferoxamine, no FeCl 3 , (Control), deferoxamine, no FeCl 3 (Deferoxamine); no deferoxamine, FeCl 3 (FeCl 3 ); and finally, FeCl 3 followed by deferoxamine (FeCl 3 þ Deferoxamine). Thereafter, 20 ml of 200 mmol/l CaCl 2 was added as the last step to initiate clotting. Data were collected at 378C for until R was recorded. In the next set of this experimental series, an identical addition of PBS or FeCl 3 to plasma was performed with a 3-min incubation, followed by a 1% v/v of deferoxamine (0 or 1 mmol/l final concentration), with this plasma kept in a sealed tube at room temperature for approximately 40 min. An aliquot of 340 ml of each of the four conditions was placed into thrombelastographic cups and 20 ml of 200 mmol/l CaCl 2 was added to initiate clotting. Data were collected at 378C until R was recorded. There were six replicates per condition for all conditions in these series of experiments. As R values varied between experiments, and a fixed number of channels were available (n ¼ 4), plasma incubated at room temperature between 45 and 60 min prior to initiation of coagulation.
The third series of experiments was designed to decrease incubation time by increasing temperature and deferoxamine concentration without compromising the ability to detect iron-mediated changes in R values. In these experiments, plasma had a 1% v/v addition of PBS or FeCl 3 (10 mmol/l final concentration) followed by a 3 min incubation at room temperature. Subsequently, 330 ml of either of these plasma types was placed in disposable thrombelastograph cups, with addition of dH 2 O or deferoxamine (2.78 mmol/l final concentration). The mixtures were mixed with the disposable pin and allowed to incubate for 15 min at 378C. Clotting was initiated with 20 ml of CaCl 2 and data were collected at 378C until R was recorded. Six replicates of the four conditions were analyzed.
Scanning electron micrographic-based analyses
All SEM-based analyses were conducted at the University of Pretoria. For the SEM experiments, 80 ml of whole blood was collected from a single donor, and anticoagulated with sodium citrate (nine parts blood to one part 0.105 mol/l sodium citrate), and platelet-rich plasma (') was obtained from each collected sample by centrifuging the whole blood at 1250g for 2 min. The donor was a healthy, nonsmoking female individual (age: 45; serum ferritin level: 13 ng/ml; and percentage of iron saturation: 22%).
In the SEM experiments, six different combinations of products and incubation times were prepared. Combination 1 (C1) consisted of 1 ml of PRP mixed with 10 ml of PBS and 10 ml of double-distilled water. Combination 2 (C2) consisted of 1 ml of PRP mixed with 10 ml PBS and 10 ml of 100 mmol/l deferoxamine, followed by incubation for 3 min at room temperature. Combination 3 (C3) consisted of 1 ml PRP mixed with 10 ml of 1 mmol/l FeCl 3 , followed by incubation at room temperature for 3 min. Combination 4 (C4) consisted of 1 ml PRP mixed with 10 ml of 1 mmol/l FeCl 3 , followed by incubation at room temperature for 3 min; 10 ml of 100 mmol/l deferoxamine was then added. Combination 5 (C5) consisted of 1 ml PRP mixed with 10 ml of 1 mmol/l FeCl 3 and 10 ml of double-distilled water. This mixture was incubated at room temperature for 1 h. Combination 6 (C6) consisted of 1 ml PRP mixed with 10 ml of 1 mmol/l FeCl 3 , followed by incubation at room temperature for 3 min, followed by addition of 10 ml of 100 mmol/l deferoxamine. This sample was incubated for 1 h at room temperature. After the aforementioned specified incubation period, 10 ml of each combination (C1-C6) was added to 5 ml of thrombin, mixed on a glass cover slip, and then incubated at 378C for 3 min before further SEM analysis preparation.
SEM preparation involved a washing of C1-C6 in 0.075 mol/l PBS for 20 min to remove any plasma and product residues, followed by fixing in 4% formaldehyde in for 30 min, followed by three washing steps in 0.075 mol/l PBS for 3 min to remove any residual fixative. The smears were then postfixated for 15 min with 1% osmium tetroxide (OsO 4 ), followed by a washing process, for 3 min in 0.075 mol/l PBS. The samples were finally dehydrated serially in 30, 50, 70, 90%, and then three times in 100% ethanol followed by drying using hexamethyldisilazane, and then mounting and coating with carbon. Once the samples had been coated, they were examined using a SEM (Zeiss ULTRA plus FEG SEM; Carl Zeiss Microscopy GmbH, Jena, Germany 
Results
Thrombelastographic data Data from the various series of experiments are displayed in Fig. 1 and Table 1 . As seen in Fig. 1 , the addition of 2-10 mmol/l FeCl 3 to plasma resulted in significantly smaller R values than plasma without FeCl 3 addition. Only samples exposed to 10 mmol/l FeCl 3 had R values significantly smaller than those exposed to 2 mmol/l FeCl 3 . The degree of reduction in R values by addition of FeCl 3 varied by 39-61% of values observed in samples not exposed to FeCl 3 .
The results concerning the effects of chelation on R values are depicted in Table 1 . Exposure to deferoxamine for 3 min resulted in a small but significant decrease in R values compared with control plasma values. Exposure to FeCl 3 resulted in a significant 54% reduction in R values compared with control plasma values. This significant, FeCl 3 -mediated decrease in R values did not significantly change when deferoxamine was added for an additional 3 min incubation. However, after a 45-60 min incubation, the significant, FeCl 3 -mediated (72%) decrease in R values was significantly attenuated by addition of deferoxamine. Compared with samples with FeCl 3 addition alone, samples incubated with deferoxamine for 45-60 min after FeCl 3 addition had a 108% increase in R values. This pattern of successful chelation of iron by deferoxamine and partial restoration of R values toward that of control plasma was observed in plasma incubated at 378C for 15 min following addition of 2.78 mmol/l deferoxamine. Figures 2 and 3 shows a low (40 000Â machine magnification) and higher SEM magnification (100 000Â machine magnification), respectively, of the fibrin fibers created with the addition of thrombin. During fibrin formation, wherein thrombin is added to PRP, a fibrin net is formed with mainly thick, major fibers (Figs 2a and  3a, white arrow) . When deferoxamine is added to PRP and a net is created with thrombin, the fibers do not differ Iron and coagulation Nielsen and Pretorius 847 significantly visually between healthy fiber net and the addition of the iron chelator (Figs 2b and 3b) .
Scanning electron micrographic data
With the addition of iron to PRP and net creation with thrombin, we have previously reported a changed fibrin fiber formation, wherein the fibers do not form individual recognizable entities. Addition of iron causes the fibers to form plates (Fig. 2c, star) and areas showing a dense fine net, and higher magnification shows the plated dense matted deposits (Fig. 3c, arrow) that individual fibers fuse longitudinally (star). Where PRP is exposed to iron followed by a 3-min deferoxamine exposure (Figs 2d 848 Blood Coagulation and Fibrinolysis 2014, Vol 25 No 8 Scanning electron microphotographs of platelet-rich plasma (PRP) after exposure to FeCl 3 and/and deferoxamine at low magnification followed by addition of thrombin before washing and fixing in all experiments to create extensive fibrin network. (a) 1 ml PRP þ 10 ml PBS þ 10 ml double-distilled water (combination 1, C1); (b) 1 ml PRP þ 10 ml PBS þ 10 ml of a 100 mmol/l deferoxamine (C2); (c) 1 ml PRP þ 10 ml of a 1 mmol/l FeCl 3 , incubate 3 min, (C3); (d) 1 ml PRP þ 10 ml of a 1 mmol/l FeCl 3 , add 10 ml 100 mmol/l deferoxamine and incubate for 3 min (C4); (e) 1 ml PRP þ 10 ml of a 1 mmol/l FeCl 3 , incubate 3 min, incubate for 1 h at room temperature (C5); (f) 1 ml PRP þ 10 ml of a 1 mmol/l FeCl 3 ; incubate 3 min, then add 10 ml of 100 mmol/l deferoxamine and incubate for 1 h at room temperature (C6). Machine magnification is 40 000Â and scale ¼ 1 mm. and 3d), the matted plates seem to be less dense (star on both figures) and the individual fibers are no longer fused longitudinally (Fig. 3d, arrow) .
We also investigated the effect of time on the fibrin formation. Figs 2e and 3e show PRP exposed to iron for 1 h followed by net creation by adding thrombin. This experiment was done at room temperature and in a capped Eppendorf tube. Prolonged iron exposure caused the fibrin fibers to form a much thicker homogenous dense matted deposit, wherein nearly no individual fibers are visible at the lower magnification ( Fig. 3e, star) . However, at the higher magnification ( Fig. 4e, star) , individual, longitudinally fused fibers can still be seen. When deferoxamine is added 3 min after the iron was added to PRP and this mixture was also left for 1 h in a capped Eppendorf tube at room temperature, before thrombin was added (Figs 2f and 3f) , the fibrin nets are not as matted as without the iron chelator, and individual fibrin fibers are again visible, although not fully restored as is seen in a typical healthy fibrin fiber network (arrows).
Discussion
The primary finding of the present investigation was that the coagulation kinetic and ultrastructural changes induced by clinically encountered free iron concentrations were partially attenuated by chelation with deferoxamine. This finding is critical, as binding without generation of radical species with consequent conformational changes in fibrinogen structure can now be entertained as an important mechanism by which iron Iron and coagulation Nielsen and Pretorius 849
Scanning electron microphotographs of platelet-rich plasma (PRP) after exposure to FeCl 3 and/or deferoxamine at high magnification followed by addition of thrombin before washing and fixing in all experiments to create extensive fibrin network. (a) 1 ml PRP þ 10 ml PBS þ 10 ml double-distilled water (combination 1, C1); (b) 1 ml PRP þ 10 ml PBS þ 10 ml of a 100 mmol/l deferoxamine (C2); (c) 1 ml PRP þ 10 ml of a 1 mmol/l FeCl 3 , incubate 3 min, (C3); (d) 1 ml PRP þ 10 ml of a 1 mmol/l FeCl 3 , add 10 ml 100 mmol/l deferoxamine and incubate for 3 min (C4); (e) 1 ml PRP þ 10 ml of a 1 mmol/l FeCl 3 , incubate for 3 min, incubate for 1 h at room temperature (C5); (f) 1 ml PRP þ 10 ml of a 1 mmol/l FeCl 3 ; incubate 3 min, then add 10 ml 100 mmol/l deferoxamine and incubate for 1 h at room temperature (C6). Machine magnification is 100 000Â and scale ¼ 300 nm.
mediates hypercoagulability. As we previously noted, radical species typically irreversibly decrease fibrinogen function in an irreversible fashion [13, 14] , and our experiments demonstrated reversibility secondary to iron chelation and presumed unbinding of iron from fibrinogen. The residual effects of iron after chelation may be secondary to incomplete removal of exogenously added iron or some other iron-mediated effect on fibrinogen that is not reversible, or both. The extent of return of coagulation function following chelation of plasma with 10 mmol/l FeCl 3 addition was equivalent to a R value similar to that associated with plasma exposed to 2 mmol/l FeCl 3 (compare Fig. 1 and Table 1 R values). In sum, although complete reversal of iron-mediated changes in thrombelastographic and SEM-derived data was not achieved, partial reversal with chelation strongly supports iron binding as a significant mechanism mediating hypercoagulability.
Given this new paradigm, a reexamination of both thrombophilic states associated with iron overload is indicated. Using deferoxamine-mediated chelation, appropriate temperature, and sufficient incubation time, it will be potentially possible to assess the impact of iron with thrombelastography, thromboelastimetry, or SEM. Thus, as reviewed [1] , the role of ferritin and free iron excess in chronic diseases such as diabetes mellitus, rheumatoid arthritis, or perhaps cancer [19] can be assessed. Perhaps the degree of iron-specific hypercoagulability could be correlated with clinical disease, and in turn, such diagnostics could be used to assess the effectiveness of therapy targeted at diminishing circulating iron concentrations or interventions that diminish inflammatory processes that result in iron overload. The utility of such a diagnostic evaluation of iron-mediated hypercoagulability in research or clinical settings will be defined in future investigations.
In conclusion, using thrombelastographic and SEM approaches, we have determined that reversible iron binding to presumably fibrinogen is an important mechanism by which iron causes hypercoagulability. Additional study will be required to further determine whether residual binding or other iron-mediated effects are responsible for residual hypercoagulability observed after chelation.
